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Summary
Objective: To describe the reproducibility and validity of six different measurement techniques for knee subchondral bone mineral density
(sBMD).
Methods: A consecutive sample of 50 male and female participants from a population-based longitudinal study had sBMD assessed using
dual energy X-ray absorptiometry scans. Anthropometric, knee pain, cartilage and bone measures by magnetic resonance imaging and ra-
diographic osteoarthritis (OA) were assessed. The six methods were deﬁned as: (1) the midpoint of one intercondylar spine, across the tibial
surface and descending 10 mm; from the midpoint of the two intercondylar spines (2) the top of the spine descending 20 mm, (3) 10e20 mm
beneath the top of the spine; from the tibial surface descending, (4) 10 mm, (5) 15 mm, and (6) 20 mm.
Results: All six methods had excellent reproducibility (intra-class correlation coefﬁcient 0.98e1.00). sBMD was higher in males (methods 2e4)
and higher in those with medial tibial osteophytes (methods 1, 3 and 4). Medial tibial cartilage defects and overall cartilage defects correlated
with sBMD (methods 3 and 4). Method 2, which includes the intercondylar spine, correlated with medial tibial bone size. Measuring sBMD
using methods 3 and 4 produced the greatest number of associations with joint features of OA.
Conclusions: These preliminary results need conﬁrmation in larger longitudinal samples but suggest that sBMD can be accurately measured
and plays a role in knee OA. Methods 3 and 4 had the best concurrent validity; however, method 2 adds additional information on tibial bone
size, suggesting that two measures are necessary in clinical studies.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoporosis can be diagnosed by measuring bone mineral
density (BMD) of the hip or lumbar spine using dual energy
X-ray absorptiometry (DXA)1. BMD at these sites is an
important predictor of vertebral deformities and fractures1.
BMD may also be important for osteoarthritis (OA). Longi-
tudinal studies have shown that a high systemic BMD is an
important predictor of knee OA and the higher the BMD is,
the greater the risk of incidence and progression of this
disease2. Additionally, it has been found that patients with
advanced stages of OA have elevated BMD levels at their
osteoarthritic sites, as well as in their femoral neck and
lumbar spine3. It has been hypothesized for many years
that subchondral bone plays a key role in the development
and progression of OA4; however, there are limited human
studies which conﬁrm this. Recently, we have reported that
subchondral bone size does appear to have a role in the
initiation of cartilage defects and meniscal extrusion which
in turn leads to cartilage loss5. It is unclear if this is primarily
due to the enlarged bone size or the increased BMD or both.
It is feasible to assess subchondral BMD (sBMD) in the
tibia; however, a number of issues remain outstanding.*Address correspondence and reprint requests to: Dawn Amanda
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1539Deﬁnitions of subchondral bone in the tibia have varied
amongst researchers, making it difﬁcult to select one partic-
ular measure when assessing sBMD. Currently there is no
consensus on an appropriate region of interest (ROI) used
to measure sBMD with DXA. There is also limited research
on the reproducibility and validity (construct, concurrent and
content) of measuring subchondral bone density.
The aim of this pilot study, therefore, was to test the
reproducibility and validity of sBMD measurements using
six different techniques in a consecutive sample of subjects
taking part in a population-based longitudinal study.Materials and methodsSUBJECTSThis study was conducted as part of the Tasmanian Older Adult Cohort
study (TASOAC), an ongoing prospective, population-based study that be-
gan in 2002. Men and women between the ages of 50 and 79 years were
randomly selected from the electoral roll in Southern Tasmania. Subjects
who were institutionalized were excluded from the study. The study was ap-
proved by the Southern Tasmanian Health and Medical Human Research
Ethics Committee, and written informed consent was obtained from all partic-
ipants. The current study consists of a consecutive sample of 50 participants
enhanced for radiographic knee OA.ANTHROPOMETRICSWeight was measured to the nearest 0.1 kg (with shoes, socks, and
bulky clothing removed) using a single pair of electronic scales (Seca Delta
Model 707). Height was measured to the nearest 0.1 cm (with shoes and
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as kg/m2.KNEE PAINParticipants were asked to quantify their knee pain using the Western On-
tario and McMaster Universities OA Index (WOMAC) pain score. Five cate-
gories of pain (walking on ﬂat surface, going up/down stairs, pain at night,
sitting/lying and standing upright) were assessed separately with a 10-point
scale from 0 (no pain) to 9 (most severe pain). Each score was then summed
to create a total pain score (range 0e45)6. Prevalent knee pain was deﬁned
as a total score of 1.X-RAYA standing anteroposterior semiﬂexed view of the right knee was per-
formed in all subjects. Radiographs were then assessed utilizing the Altman
atlas7. Each of the following was assessed on a scale of 0e3: medial joint
space narrowing (JSN), lateral JSN, medial femoral osteophytes, medial
tibial osteophytes, lateral femoral osteophytes, and lateral tibial osteophytes.
Each score was determined by consensus of two readers who simulta-
neously assessed the radiograph with immediate reference to the atlas
and were blinded to the subject’s status of knee pain. Intra-observer reliabil-
ity assessed as intra-class correlation coefﬁcients (ICCs) ranged from 0.65 to
0.85 as previously reported8.MAGNETIC RESONANCE IMAGING (MRI)MRI of the right knee was acquired with a 1.5 T whole-body magnetic res-
onance unit (Picker, Cleveland, OH, USA) using a commercial transmitere-
ceive extremity coil. Image sequences included the follwing: (1) a T1-
weighted fat saturation three-dimensional (3-D) gradient recall acquisition
in the steady state, ﬂip angle 30, repetition time 31 ms, echo time
6.71 ms, ﬁeld of view 16 cm, 60 partitions, 512 512-pixel matrix, acquisition
time 5 min 58 s, one acquisition; sagittal images were obtained at a partition
thickness of 1.5 mm without between-slice gap; and (2) a T2-weighted fat
saturation 3-D fast spin echo, ﬂip angle 90, repetition time 3067ms, echo
time 112ms, ﬁeld of view 16 cm/15 partitions, 228 256-pixel matrix; sagittal
images were obtained at a partition thickness of 4 mm with a between-slices
gap of 0.5e1.0 mm.
Knee cartilage volume was determined by means of image processing on
an independent workstation using Osiris software9. The volumes of individual
cartilage plates (medial tibia and femora and lateral tibia and femora) were
isolated from the total volume by manually drawing disarticulation contours
around the cartilage boundaries on a section by section basis. These data
were then re-sampled by means of bilinear and cubic interpolation (area of
312 312 mm and 1.5 mm thickness, continuous sections) for the ﬁnal
3-D rendering.
Cartilage defects were assessed on the T1-weighted MR images and
scored with a modiﬁcation of a previous classiﬁcation system at medial tibial,
medial femoral, lateral tibial, and lateral femoral as follows10: grade 0¼ normal
cartilage; grade 1¼ focal blistering and intracartilaginous low-signal intensity
area with an intact surface; grade 2¼ irregularities on the surface or basal
layer and loss of thickness<50%; grade 3¼ deep ulceration with loss of thick-
ness>50%; and grade 4¼ full-thickness chondral wear with exposure of sub-
chondral bone. It was found that a cartilage surface in some images was still
regular but cartilage adjacent to subchondral bone became irregular, so it was
included in the classiﬁcation system. A cartilage defect also had to be present
in at least two consecutive slices. The cartilage was considered to be normal if
the band of intermediate signal intensity had a uniform thickness. The highest
score was used if >1 defect was present on the same site. One observer
scored the MRI blinded to knee pain score. Intra-observer reliability assessed
as ICCs ranged from 0.80 to 0.95 at the medial femoral and tibial, and lateral
femoral and tibial sites as previously reported11.
Subchondral bone marrow lesions were assessed on the T2-weighted MR
images and deﬁned as discrete areas of increased signal adjacent to the
subcortical bone at the lateral, medial femur and/or tibia. Each bone marrow
lesion was scored on the basis of lesion size, e.g., a lesion was scored as
grade 1 if it was only present on one slice, grade 2 if present on two consec-
utive slices, or grade 3 if present on greater than three consecutive slices.
The highest score was used if greater than one lesion was present on the
same site. Prevalent bone marrow lesions were deﬁned as a total score
>1. One observer scored the bone marrow lesions blinded to knee pain
score. ICCs were 0.89, 0.96, 0.94, and 1.00 for the bone marrow lesions
scores at lateral tibia, lateral femur, medial tibia, and medial femur,
respectively11.
The area of medial and lateral tibial plateau bone was measured manually
on the three reformatted images closest to the tibial cartilage from axial T1-
weighted fat-saturated 3-D MRI. This method is highly reproducible12,13. An
average of these three areas was used as an estimate of the tibial plateau
bone area14.DUAL ENERGY X-RAY ABSORPTIOMETRYIn this study, BMD was measured using a Hologic Delphi densitometer
(Waltham, MA, USA) to determine BMD at the knee using existing spine
software.
Subchondral bone was deﬁned as the entire tibia proximal to the head of
the ﬁbula, which is in line with recent reports. Six different ROIs or
‘‘methods’’, as referred to in this study, were chosen to measure subchondral
bone density using DXA. The six different ROIs for each method were drawn
manually around the bone and are described in Fig. 1(AeF). These ROIs
were chosen due to their particular features. Method 1 used the midpoint
of only one intercondylar spine (either medial or lateral) and, therefore, ex-
cluded the midpoint of the tibia. This was chosen to capture sBMD directly
beneath the medial or lateral area of loading. Method 2 was the only method
which took into account the intercondylar spine. Method 3 was the only
method which excluded the tibial plateau. Methods 4e6 included the tibial
plateau and measured different ROI heights, i.e., 10, 15, or 20 mm. In addi-
tion, all of these methods follow protocols which have been used in related
studies measuring sBMD with DXA.DATA ANALYSISUsing each of the six methods, medial and lateral sBMD measurements
were repeated three times and an average of the three was taken to get
a mean sBMD for each method. Reproducibility was calculated using
ICCs. To test intra-observer reproducibility, ICCs were used to compare
each of the three measurements, hence the name ‘immediate reproducibil-
ity’. ICCs were also calculated between measures 1 and 2, 2 and 3 and 1
and 3 to determine whether or not multiple measurements were necessary
for a more reproducible sBMD measurement.
Twenty of the same scans were re-read after a time interval of approxi-
mately 14 days and new ROIs were drawn based on the initial criteria.
Due to time constraints and other results, only methods 2 and 3 were re-eval-
uated. Method 2 was considered to be important because it took into account
the intercondylar spine. Method 3 was tested because it was considered to
be a standard method of measurement. Interval intra-observer reproducibility
was calculated as the ICCs between the immediate measurements and the
re-read ones.
Medial sBMD was compared only with medial structural outcomes such
as medial JSN, medial osteophytes, medial bone marrow lesions, medial
cartilage defects, and medial bone size. Lateral sBMD was also only com-
pared with lateral structural outcomes.
An unpaired t test was used to compare sBMD between dichotomous
variables and the Pearson correlation coefﬁcient, r, to compare continuous
variables. The Spearman correlation coefﬁcient, r, was used to calculate
associations between sBMD and other non-continuous variables. Partial
correlation analysis was used to examine associations after adjusting for
age, sex, and BMI. A P-value< 0.05 (two tailed) was considered statistically
signiﬁcant. All statistical analyses were performed on SPSS version 14.0 for
Windows (SPSS Inc., Chicago, IL, USA).ResultsSUBJECTSA total of 50 subjects (27 men and 23 women) with a mean
age of 65 years were included in this study. The characteris-
tics of the study population are presented in Table I. Preva-
lent knee pain (34%), JSN (52%), and osteophytes (58%)
were common amongst participants. Tibial osteophytes
were present in 17 subjects and not present in 33. Femoral
osteophytes were present in 12 subjects and not present in
38. Twelve subjects had tibial and femoral osteophytes;
ﬁve subjects had tibial osteophytes but no femoral osteo-
phytes; and 33 subjects had no tibial or femoral osteophytes.REPRODUCIBILITYAll sixmethodswere found to have excellent immediate re-
producibility, with ICCs ranging from 0.98 to 1.00 (Table II).
The ICCs between measurements 1 and 2, 2 and 3 and 1
and 3 varied little and ranged from 0.97 to 0.99, for all six
methods. The interval intra-observer reproducibility for
methods 2 and 3 was not as good as immediate reproducibil-
ity with the exception ofmethod 2 at themedial site which had
an ICC of 0.96 (Table II).
Fig. 1. Six ROIs. (A) Method 1 used the midpoint of either the me-
dial or lateral intercondylar spine as a reference, the top of the ROI
was set at the tibial surface and descended 10 mm, the width of the
box extended to the edge of the image. Methods 2e6 use the mid-
point of the two intercondylar spines as a reference. (B) Method 2;
the top of the ROI was the highest point of the medial or lateral
spine and extended to the edge of the image; either medially or lat-
erally. The ROI was a height of 20 mm and the width of the tibial
bone. This method included either the medial or lateral intercondy-
lar spine. (C) Method 3; descended 10 mm down from the highest
point of the medial or lateral spine. The ROI extended to the edge of
the image; either medially or laterally. The ROI was a height of
10 mm (10e20 mm beneath the top of the tibial spine) and the
width of the tibial bone. (D) Method 4; the top of the ROI was at
the tibial surface and descended 10 mm; the width of the ROI ex-
tended to the edge of the image either medially or laterally. (E)
Method 5; the top of the ROI was at the tibial surface and de-
scended 15 mm; the width of the ROI extended to the edge of
the image either medially or laterally. (F) Method 6; the top of the
ROI was at the tibial surface and descended 20 mm; the width of
the ROI extended to the edge of the image either medially or
laterally.
Table I
Subject characteristics (N¼ 50)
Age, years 64.5 7.1
Gender, % male 54
Height (cm) 166.4 8.6
Weight (kg) 80.8 17.1
BMI (kg/m2) 29.1 5.7
Any JSN, % 52
Any osteophytes, % 58




Tibial bone area, mm2
Medial 2012 370
Lateral 1086 231
Total defects, grade (median)*
Medial 2.0
Lateral 2.0
Prevalent knee pain, % 34
Unless otherwise indicated, values are mean SD.
*Cartilage defects graded (0e4).
Table II
Reproducibility of each method
ICCs, measures of agreement
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*P¼ 0.08, all other P< 0.01, second blind measurements were
performed approximately 14 days after the initial measurements.With methods 2e4 medial sBMD was higher in males.
The mean differences for methods 2e4 were 0.07 g/cm2
(P¼ 0.010), 0.10 g/cm2 (P< 0.001), and 0.10 g/cm2(P< 0.001). Methods 1, 5, and 6 showed no signiﬁcant
sex difference in medial or lateral sBMD.
Table III summarizes the remainder of associations
between demographic features and sBMD. There was no
association between sBMD and age, weight, or BMI. There
was a positive correlation between height and medial sBMD
using methods 2e5.MEDIAL MEASUREMENTSIn adjusted analysis, sBMD using method 1 was only as-
sociated with tibial osteophytes (r¼ 0.39, P¼ 0.006). Asso-
ciations between features of OA and sBMD measurements
using methods 2e4 are summarized in Table IV.
Table III















Medial 0.02 0.13 0.13 0.01 0.09 0.18
Lateral 0.07 0.03 0.02 0.05 0.02 0.01
Height
Medial 0.28 0.55** 0.35* 0.40* 0.32* 0.01
Lateral 0.24 0.28 0.23 0.20 0.06 0.08
Weight
Medial 0.17 0.24 0.23 0.25 0.16 0.08
Lateral 0.04 0.13 0.07 0.05 0.02 0.11
BMI
Medial 0.02 0.01 0.07 0.05 0.01 0.07
Lateral 0.10 0.02 0.05 0.05 0.01 0.16
Correlation coefﬁcient, bold denotes statistically signiﬁcant result,
*P< 0.05, **P< 0.01.
1542 D. Dore et al.: Knee subchondral bone densityMethod 2 was the only method which had a signiﬁcant
correlation between sBMD and tibial bone size in a uni-
variate analysis. The association between tibial bone size
and sBMD remained signiﬁcant after adjustment for age
and BMI (r¼ 0.49, P¼ 0.002); however, this relationship
did not persist after further adjustment for sex (Table IV).
There was also no relationship seen when sBMD and
bone size were stratiﬁed by sex [males r¼ 0.16
(P¼ 0.518) and females r¼ 0.09 (P¼ 0.71)].
sBMD was higher in those with tibial and femoral osteo-
phytes using methods 1, 3 and 4 (Fig. 2). In adjusted
analysis, sBMD was higher in those with tibial osteophytes
using methods 3 and 4 (Table IV). sBMD was also higher in
those with greater tibial cartilage defect scores and overall
cartilage defect scores using methods 3 and 4 (Table IV).
sBMD using method 3 correlated signiﬁcantly with femoral
cartilage defects (Table IV). Femoral osteophytes were
positively associated with sBMD using method 4 (Table IV).
Additionally, JSN correlated with sBMD using method 4
(Table IV).
In adjusted analysis there were no signiﬁcant associa-
tions between sBMD and joint features of OA using method
5 or 6.Table I
Associations between medial s
Factors Method 2
Uni-variable Multi-variable*
JSN (0e3) 0.14 0.11
Tibial osteophytes (0e3) 0.19 0.16
Femoral osteophytes (0e3) 0.03 0.08
Tibial bone marrow lesions (0e3) 0.24 0.15
Femoral bone marrow lesions (0e3) 0.03 0.01
Tibial defects (1e4) 0.28 0.15
Femoral defects (1e4) 0.18 0.08
Overall defects (1e8) 0.26 0.13
Cartilage volume 0.29y 0.02
Tibial bone size 0.48**,y 0.10
WOMAC pain 0.03y 0.02
Values from medial assessment, bold denotes statistically signiﬁcant r
*Adjusting for age, sex, and BMI (Spearman correlation coefﬁcient).
yPearson correlation coefﬁcient.LATERAL MEASUREMENTSThere were fewer associations between lateral sBMD
and lateral features of OA. In adjusted analysis there was
a negative association between WOMAC pain and sBMD
using method 2 (r¼0.308, P¼ 0.035) but this most likely
reﬂects a chance association. sBMD from method 4 corre-
lated with tibial osteophytes (r¼ 0.425, P¼ 0.006), femoral
osteophytes (r¼ 0.403, P¼ 0.009), tibial bone marrow
lesions (r¼ 0.481, P¼ 0.001), and femoral defects
(r¼ 0.313, P¼ 0.046).Discussion
This pilot study demonstrates that sBMD measurements
of the tibia are reproducible and demonstrates validity.
Method 2 plus either method 3 or 4 would appear best for
further studies.
All six measures were found to be highly reproducible on
immediate repeat measurement. No major advantage was
evident with three measures over two suggesting two
measures are sufﬁcient. In general, with the exception of
method 2 at the medial site, the ICCs for interval measure-
ments were worse and will need improvement. This sug-
gests that measures should be done at the same time or
that methods should be developed to minimize drift in mea-
surement such as anROI atlas. Joint positionmay also affect
these results but our data cannot test this issue because we
did not attempt to measure re-positioning error. Given the in-
terval ICCs, re-positioned scans are also likely to have less
than desirable ICCs. However, this is also true for the MRI
literature on cartilage and bone measurements and most
authors accept this is a valid measure. In a comparable study
on sBMD, Bruyere et al. tested the precision of seven
ROIs15. They performed ﬁve measurements of sBMD from
each of the seven ROIs. The patients had ﬁve separate
DXA scans and the results showed a precision for the
assessment of tibial sBMD, from 2.1 to 3.1% depending on
the chosen ROI.
Methods 3 and 4 had the best concurrent validity having
signiﬁcant associations between medial sBMD and sex,
height, tibial osteophytes, tibial defects and overall defects.
Method 3 produced additional information on femoral bone
marrow lesions and femoral defects; whereas, method 4
gave information on JSN and femoral osteophytes. Further-
more, both methods 3 and 4 showed that subjects withV
BMD and joint pathology
Method 3 Method 4
Uni-variable Multi-variable* Uni-variable Multi-variable*
0.24 0.27 0.35* 0.41**
0.35* 0.41** 0.37** 0.34*
0.22 0.26 0.28 0.30*
0.20 0.26 0.09 0.10
0.19 0.39* 0.07 0.15
0.32* 0.41** 0.41** 0.46**
0.31* 0.36* 0.30 0.28
0.38* 0.41** 0.40** 0.40*
0.07y 0.20 0.14y 0.07
0.30y 0.02 0.31y 0.03
0.01y 0.03 0.05y 0.07






























Fig. 2. Mean difference in medial sBMD between those subjects with and without medial tibial or femoral osteophytes using methods 1, 3, and
4. Error bars represent standard deviation (SD).
1543Osteoarthritis and Cartilage Vol. 16, No. 12osteophytes had a signiﬁcantly higher sBMD than those
without osteophytes.
Using methods 1, 5 and 6 there was no association be-
tween sex and sBMD; however, there was an association
using methods 2e4. This is most likely due to the small
sample size of the study because sex differences in
sBMD were large in magnitude varying between 12 and
92% for all the six methods of measurement.
Methods 4e6 were similar in positioning and only varied
in height. Method 4 was 10 mm in height and methods 5
and 6 were 15 mm and 20 mm, respectively. Out of these
three methods, method 4 had much greater concurrent
validity, correlating with many joint features of OA. This
suggests that when the height of the ROI starts to exceed
10 mm, there is a decrease in concurrent validity. This
could be attributed to less relevance of subchondral bone
for joint health below the 10 mm mark. It has been sug-
gested that sBMD increases may be attributed to increased
osteophytosis at the endplates of bone2. When deeper
bone is included in the measurement, it could possibly alter
the overall BMD in the subchondral region.
Somewhat surprisingly, method 2 was the only method
which produced a signiﬁcant correlation between medial
sBMD and medial tibial bone size. Seeing as this method
included the intercondylar spine, as well as the tibial pla-
teau, it was expected that the association would be stron-
gest for this measure. In a restricted analysis adjusting for
age and BMI, it was found that tibial bone size correlated
with sBMD using method 2. However, in further analysis ad-
justing for sex, the relationship did not persist. This could be
due to the fact that adjusting for sex may alter the results
because males have bigger bone area and a higher BMD.
There was also no relationship seen when sBMD and tibial
bone size were stratiﬁed by sex; however, the numbers are
small in each subgroup so this result is potentially mislead-
ing. The tibial bone size association is largely mediated by
larger body size in males so that similar results are ob-
served if height and weight are used instead of sex (data
not shown).
Tibial cartilage defects (methods 3 and 4), femoral car-
tilage defects (method 3), and overall cartilage defects
(methods 3 and 4) were associated with a high sBMD.
Ding et al. demonstrated that tibial subchondral bone
area expansion predicts cartilage defects which then in
turn predict cartilage volume loss5. It is unclear if this is
primarily due to the size of the bone or the density or
both.
There were fewer associations between lateral sBMD
and lateral features of OA. Knee OA more commonly in-
volves the medial tibiofemoral compartment and changes
are often more pronounced in the medial tibial femoral jointrather than on the lateral side16. In our study subjects dis-
played a greater prevalence of medial joint pathology than
lateral which is the most likely explanation for the difference
between associations for medial vs lateral measurements.
However, these differences may also be real and may con-
tribute to site differences in knee OA. Larger studies will be
needed to resolve this issue and the current study will in-
form the design of such studies.
There are a number of potential limitations to the current
study. First, the height of the ROI was not adjusted to ac-
count for the absolute proportions of individual knees and
will have captured different proportions of bone depending
on bone size. However, the width of each ROI went to the
edge of the bone (either medially or laterally); therefore,
varied according to individual knee sizes. Second, the
cross-sectional nature of this study precludes any infer-
ence about cause and effect relationships. Longitudinal
studies will be required to sort out these issues. Third,
sBMD provides an assessment of the bone at the knee,
it only evaluates bone in two-dimensions and thus only ap-
proximates volumetric density. Other techniques will be re-
quired to assess this. Fourth, we did not correct for chance
in the data analysis; however, it is our standard practice
(which is based on the epidemiology literature) not to ad-
just for multiple comparisons but to present all compari-
sons in the paper so that the reader can assess this. In
this case, there have been many more signiﬁcant associ-
ations than would be expected by chance. Lastly, the
small sample size of this pilot study may have affected
the ability to detect modest associations between sBMD
and age and weight. The negative association should
not be regarded as deﬁnitive. Overall, this study should
be regarded as hypothesis generating as it was an explor-
atory study.
In conclusion, these preliminary results need conﬁrmation
in larger longitudinal samples but suggest that sBMD can be
accurately measured and plays a role in kneeOA.Methods 3
and 4 had the best concurrent validity; however, method 2
adds additional information on tibial bone size, suggesting
that two measures are necessary in clinical studies.
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